We present long-baseline ALMA observations of the strong gravitational lens H-ATLAS J090740.0-004200 (SDP.9), which consists of an elliptical galaxy at z L = 0.6129 lensing a background submillimeter galaxy into two extended arcs. The data include Band 6 continuum observations, as well as CO J=6−5 molecular line observations, from which we measure an updated source redshift of z S = 1.5747. The image morphology in the ALMA data is different from that of the HST data, indicating a spatial offset between the stellar, gas, and dust component of the source galaxy. We model the lens as an elliptical power law density profile with external shear using a combination of archival HST data and conjugate points identified in the ALMA data. Our best model has an Einstein radius of θ E = 0.66 ± 0.01 and a slightly steeper than isothermal mass profile slope. We search for the central image of the lens, which can be used constrain the inner mass distribution of the lens galaxy including the central supermassive black hole, but do not detect it in the integrated CO image at a 3σ rms level of 0.0471 Jy km s −1 .
1. INTRODUCTION Strong gravitational lensing is a powerful tool to probe the mass structure of galaxies across a wide range of scales, from the central few hundred parsecs out to several tens of kiloparsecs. The lensing strength depends on the total mass distribution of the lens, allowing us to study both luminous and dark matter. Strong lensing also enables detailed studies of the background source, as the lensing magnification effect allows us to detect features in the source structure that would otherwise be unresolved.
Recent surveys at submillimeter wavelengths have revealed a population of lensed dusty star-forming galaxies at z ∼ 2 − 7 (e.g., Negrello et al. 2010; Bussmann et al. 2013; Hezaveh et al. 2013a; Vieira et al. 2013 ). These galaxies are among the brightest extragalactic sources at submillimeter wavelengths due to magnification bias resulting from the steepness of their luminosity function at the bright end, as well as the negative K-correction in which the rising SED from dust emission compensates dimming due to increasing cosmological distance from z ∼ 1 − 6 (e.g., Hezaveh & Holder 2011) . In recent years, the Atacama Large Millimeter/Submillimeter Array (ALMA) has revolutionized observational studies of star-forming galaxies as a result of its high sensitivity and spatial resolution. By combining the power of ALMA with the natural magnification of gravitational lensing, the detailed properties of these galaxies can be studied on spatial scales of tens to hundreds of parsecs (e.g., Hezaveh et al. 2013a ; ALMA Partnership et al. 2015; Bussmann et al. 2015; Dye et al. 2015 Dye et al. , 2017 Hatsukade et al. 2015; Rybak et al. 2015b) .
These systems also present a unique opportunity to study the supermassive black hole (SMBH) at the center of the lens galaxy through the brightness of the central image of the lens (e.g., Winn et al. 2004; Tamura et al. 2015; Wong et al. 2015; Quinn et al. 2016) . There are known correlations between the mass of a SMBH and physical properties of the bulge component of its host galaxy (e.g., Kormendy & Ho 2013) , such as luminosity, velocity dispersion, and stellar mass. Determining the mass of a SMBH beyond the local universe requires an active galactic nucleus (AGN), which complicates measurements of the underlying host galaxy due to its extreme brightness (although see Ding et al. 2017a,b) . Lensed galaxies that are bright at submillimeter wavelengths, such as SDP.81 (Negrello et al. 2010; ALMA Partnership et al. 2015) , subvert these challenges, as lens galaxies tend to be early-type galaxies with little to no emission in the submillimeter, making it easier to detect the central image (Hezaveh et al. 2015) .
In this paper, we present long-baseline ALMA observations of the strong gravitational lens H-ATLAS J090740.0-004200 (hereafter SDP.9). SDP.9 was first identified by Negrello et al. (2010) as part of a blind search of the brightest sources in the Science Demonstration Phase (SDP) of the Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS; Eales et al. 2010) . SDP.9 consists of a massive early-type galaxy at z L = arXiv:1707.00702v1 [astro-ph.GA] 3 Jul 2017 0.6129 (Bussmann et al. 2013 ) lensing a background submillimeter galaxy at z S = 1.5747 into a bright arc and small counterimage. The lens galaxy is in the outskirts of a M 200m ∼ 10 14 M galaxy cluster identified by the CAMIRA algorithm (Oguri 2014; Oguri et al. 2017 ) using data from the Hyper Suprime-Cam Subaru Strategic Program (Aihara et al. 2017) . These ALMA data provide an opportunity to study the detailed gas and dust properties of the source galaxy at a resolution that has only been attained for a handful of galaxies to date. This paper is organized as follows. We describe the ALMA data and reduction in Section 2. We also summarize the archival HST data that are used in this analysis. We describe our lens modeling procedure in Section 3. We present our main results in Section 4 and summarize our conclusions in Section 5. Throughout this paper, we assume a flat ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7, and H 0 = 70 km s −1 Mpc −1 . All quantities are given in h 70 units. At z L = 0.6129, the angular scale is 1 = 6.75 kpc. For Band 6, a total bandwidth of 7.5 GHz is available and divided into four spectral windows with a width and resolution of 1.875 GHz and 31.2 MHz in the time division mode (TDM), respectively. The spectral windows are centered at 251.5, 254.0, 266.2, and 268.3 GHz. The last one is tuned for the CO(6-5) at the source redshift. For calibrations, J0909+0121 and J0854+2006 are observed as a phase calibrator and flux and phase calibrators, respectively 11 . The calibration is done in a standard manner and the uncertainty of the flux calibration is ∼10 %. We note that ∼50 % of the data are flagged because a number of antennas had a technical problem that caused amplitude scattering for the flux and bandpass calibrators.
We image the calibrated visibility data using Common Astronomy Software Applications (CASA; McMullin et al. 2007 ) version 4.5.0. The resulting images are shown in Figure 1 . We use the CASA task uvcontsub to subtract the line emission from the continuum. In executing the CASA task clean, we apply the natural weighting for the CO line because we aim to maximize the sensitivity to a central image (which is expected to be a point source). The full width at half maximum (FWHM) of the synthesized beam is 35 × 23 mas with a position angle (PA) of 49
• (measured counterclockwise from North), with a root mean square (rms) noise level of 0.13 mJy beam −1 per 10 km s −1 channel. For the continuum, we use both the natural and Briggs weighting 11 https://almascience.nrao.edu/alma-data/calibrator-catalogue for both. We use the clean task to deconvolve the synthesized beam down to 1.5σ. We do not taper either image.
In Figure 1 , we find that the source is split into two tangentially-elongated arcs, as is suggested by previous SMA observations (Bussmann et al. 2013 ). The Northern arc is less extended than the Southern arc, and some clumpy structures are visible in both arcs. We measure the peak intensity and total flux density of each arc in both the continuum and CO maps. The results are shown in Tables 1 and 2 . The total flux density of the continuum with the natural weighting is consistent with previous observations conducted with MAMBO at 1200 µm (F 1200 = 7.6 ± 1.4 mJy) , suggesting that the missing flux is negligible. Taking the CO line flux integrated across both arcs in each velocity bin, we measure a more accurate source redshift of z S = 1.5747±0.0002 (95% confidence interval) in compar- ison with the previous measurement of z S = 1.577±0.008 from Negrello et al. (2010) , which was determined using lower-resolution data from Z-Spec (Naylor et al. 2003) on the Caltech Submillimeter Observatory.
We find no clear emission from the central demagnified image in the velocity-integrated CO(6-5) map down to a 3σ rms level of 0.0471 Jy km s −1 . Performing this search in the CO map rather than the continuum is important to ensure that there is no flux from low-level AGN activity in the lens galaxy that could be mistaken for a central image (e.g., McKean et al. 2005; More et al. 2008) , although we do not detect any significant flux from the central region in the continuum data either.
HST Data
We make use of archival HST Wide Field Camera 3 (WFC3) imaging of SDP.9. The observations were taken in 2011 April (proposal #12194, PI: Negrello). These data are presented in Negrello et al. (2014) and are used for lens modeling by Dye et al. (2014) . The observations consist of 3718 s of exposure time in the F160W filter. The data are reduced using Drizzlepac (Gonzaga et al. 2012 ) with resampling to a 0. 065/pixel scale. The data are shown in the left panel of Figure 2 .
LENS MODEL
We model the lens system using ALMA constraints and the HST images with Glee, a lens modeling software developed by A. Halkola and S. H. Suyu (Suyu & Halkola 2010; Suyu et al. 2012) . We have also modeled the ALMA constraints with glafic (Oguri 2010) and obtained similar results. In the rest of the paper, we quote the results from Glee.
The velocity gradient in the source galaxy is nearly orthogonal to the elongation of the lensed arcs, making a robust identification of multiple-image pair regions challenging. We identify four pairs of conjugate points in each of the two arcs to use as lens model constraints (Figure 1, right panel) . Multiple image sets are identified using the resolved velocity maps as well as iterative mass modelings with both Glee and glafic. We assume a 0. 02 uncertainty on the positions of these points in the radial direction and 0. 05 uncertainty in the tangential direction. The reduced χ 2 of the model fit when comparing the modeled image positions to the constraints is < 1, suggesting that these uncertainties are overestimated, but we do not feel justified in assuming smaller uncertainties given the scatter among our attempts to identify the multiple image pairs.
We assume a cored elliptical power-law mass distribution with a central point mass (representing the SMBH) and external shear. The use of conjugate points leads to degeneracies in the lens model, so we first fit to the extended arcs in the HST data and use the constraints on the structural parameters as priors when applying the ALMA constraints.
We first fit the lens galaxy light profile in the HST data. The best fit comes from a combination two cored power-law profiles and a point source with their centroids linked, although we also try fitting a sum of two Sérsic profiles and a point source, which provides a comparable fit. The inner power-law profile has a core radius that is smaller than the pixel scale, which places an upper limit on it. We then fix the galaxy light model and use the arcs to constrain the mass model. The second panel of Figure 2 shows our lens galaxy light model, and the third panel shows the data with the lens galaxy light subtracted.
The core radius is given a uniform prior with a maximum extent of 0. 065 ≈ 440 pc, corresponding to one pixel in the drizzled image. The SMBH mass is given a lognormal prior in the range 7.1 ≤ log 10 (M BH /M ) ≤ 9.9. This corresponds to the 5σ mass range expected from the relation of Kormendy & Ho (2013) between SMBH mass and bulge stellar mass using the stellar mass measurement from Negrello et al. (2014) , assuming a Chabrier (2003) initial mass function. Both the core radius and SMBH are unconstrained by the macro model, and thus sample the prior range. In practice, we use importance sampling to attempt to constrain the SMBH mass from the non-detection of the central image (see Section 4.2).
There is an offset in the relative astrometry between The panels show (from left to right) the HST/WFC3 F160W data, the best-fit lens galaxy light model, the data with the lens galaxy light model subtracted, the reconstructed image from the best-fit lens model, and the residual image normalized by the noise per pixel. The ALMA continuum data (Figure 1) are overlaid on the first and third panels (red contours) for comparison. The configuration of the lensed images in the HST data, which probes the rest-frame optical emission from the source, is more symmetric than that of the ALMA data, which has a large Southern arc and a comparably small Northern arc, suggesting a spatial offset between the stellar component and the gas and dust component of the source.
the HST and ALMA data, which complicates the use of the combined constraints. We use the positions of nine stars in the HST field of view and match them to SDSS to correct for an offset in absolute astrometry, but there is still a residual scatter of ∼ 0. 1. This uncertainty, combined with an assumed 0. 05 uncertainty in the absolute astrometry of SDSS and a ∼ 0. 02 uncertainty in the alignment of the HST and ALMA pixels, gives us a total assumed uncertainty of ∼ 0. 12. To account for this when incorporating the ALMA constraints, we give the structural parameters of the mass model a set of priors based on the posterior distributions from the fit to the HST data, then allow the centroid to vary with a Gaussian uncertainty of 0. 12 when applying the ALMA constraints.
RESULTS

Lens Model Results
The parameters of our best fit model are shown in Table 3. The results for the core radius and SMBH mass are not shown, as they are unconstrained by the macro model and just sample the prior (see Section 3). We also do not show the centroid coordinates due to the uncertainty in the absolute astrometry, although the model uncertainty on the centroid is < 0.03 . Compared to the model of Dye et al. (2014) , we find a slightly steeper power law index and smaller Einstein radius, but the results are consistent within 2σ. However, we find a more elliptical mass distribution (b/a = 0.68 ± 0.05) compared to that of Dye et al. (2014) (b/a = 0.88 ± 0.06). The location of the lens relative to the nearby cluster would suggest an external shear in the θ γ ∼ −45
• direction. Our lens model has a shear in the θ γ = 0
• direction, although the shear amplitude is small (γ = 0.04 ± 0.01) and it is not clear that the cluster should impart a large external shear at the projected distance of the lens (∼ 80 ). Other nearby galaxies in the field may contribute to the external shear and could have a larger influence than the cluster. The right panel of Figure 2 shows our best-fit model reconstruction of the HST image.
The lensed image configuration is strikingly different between the HST and ALMA data. The HST data, which probe the rest-frame optical emission from the source, show a much more symmetric configuration, while the 
Note.
-Reported values are medians, with errors corresponding to the 16th and 84th percentiles.
a Angles measured East of North. b θγ = 0 • corresponds to shearing along North-South direction (i.e. external mass distributions East or West from the lens system).
ALMA submillimeter data has the large bright Southern arc and the much smaller Northern arc, which is consistent with the existing SMA observations (Bussmann et al. 2013) . This difference suggests a spatial offset between the stellar component and the gas and dust component of the source galaxy, as was seen in SDP.81 (e.g., Dye et al. 2015; Hatsukade et al. 2015; Rybak et al. 2015b) , as well as other lensed submillimeter galaxies (e.g., Iono et al. 2006; Fu et al. 2012) .
A more detailed model using the surface brightness distribution of the images or modeling of the ALMA visibilities (e.g., Rybak et al. 2015a,b; Hezaveh et al. 2016; Dye et al. 2017 ) will provide better constraints on the mass model and a reconstruction of the intrinsic source brightness distribution (Ishida et al. in preparation) , as well as potential constraints on substructure in the lens galaxy using the resolved velocity structure of the lensed images (e.g., Hezaveh et al. 2013b Hezaveh et al. , 2016 Inoue et al. 2016 ).
SMBH Mass Inference
We attempt to use the non-detection of the central image to place a lower limit on the SMBH mass in a manner similar to Wong et al. (2015) , who were able to place a lower limit on the SMBH mass of SDP.81 given certain assumptions about the core radius of the lens galaxy (see also Tamura et al. 2015) . We first predict the ex-pected flux of the central image from our lens model by mapping the conjugate points used as model constraints (Section 3) to the source plane. We take the average of these mapped positions to be the location of the source in the source plane. The mapped positions are weighted by √ µ i /σ i , where µ i is the model magnification at the position of image i and σ i is its associated uncertainty.
To obtain the magnification of the extended images accounting for differential magnification, we place a circular Gaussian profile at the determined source position to create a mock extended source. The size of the Gaussian is assumed to be σ = 0. 0168 (∼ 140 pc at the source redshift), which we determine by attempting to model the surface brightness distribution of the continuum image, although our results are the same even if we assume a source twice as large. We then lens this mock source with our model and calculate the relative flux of the extended images to estimate their magnification ratio. The non-detection likelihood of the central image in the CO map is
where σ CO is the background rms in the velocityintegrated CO image and f pred cen (η) is the predicted flux density of the central image. We determine f pred cen (η) by multiplying the observed integrated flux density of the Northern arc with the magnification ratio of the central image to the Northern arc. We choose the Northern arc because of its smaller uncertainties in the differential magnification.
Despite SDP.9 being a double-image lens, which is expected to have a brighter central image than quad-image lenses in general (Mao et al. 2001; Keeton 2003) , we are unfortunately unable to place meaningful constraints on the SMBH mass, as the predicted flux of the central image in our models is too low. In fact, even removing the central black hole from the mass model does not produce a central image bright enough to be detectable, as the mass profile slope and core radius of the lens galaxy creates a central density that is too high.
SUMMARY
We present new ALMA observations of the gravitational lens system SDP.9, consisting of high-resolution long-baseline Band 6 continuum and CO J=6−5 emission line observations. We measure an updated source redshift of z S = 1.5747 ± 0.0002. The data show a distinctly different morphology than that seen in archival HST imaging, suggesting a spatial offset between the stellar distribution and the gas and dust distribution of the source galaxy. Using a combination of HST data and conjugate points identified from the ALMA data, we model the lens system. We search for the central image in the integrated CO image, but it is too faint to be detected down to a 3σ rms level of 0.0471 Jy km s −1 , and we are unable to constrain the mass of the central supermassive black hole due to the high central density of the lens galaxy. Future work will model this lens system in greater detail to study the detailed properties of the source.
